The carcass weight of Chinese Shanxi Black Pigs is relatively lower in comparison with that of the counterparts, i.e., Large White Pigs, although the former are resistant to harsh conditions. Since gut microflora has been recognized to play a key role in pork production, it is of interest to explore the microbial communities in different intestinal segments of pigs and its potential relatedness with host features. In this study, 16S rRNA gene amplicon sequencing, accompanied by the inter-and intra-group comparisons, was implemented to investigate the structure composition and potential functions of microbial communities of four distinct intestinal segments [duodenum (D), jejunum (J), ileum (I), and cecum (C)] between adult Chinese Shanxi Black Pigs and Large White Pigs. Comparative survey revealed that the dominant phylum in both breeds was Firmicutes, followed by Proteobacteria, and Bacteroidetes. At the genus level, Lactobacillus was predominant in all samples, and Prevotella was specifically prevalent in the cecum. Further inspection showed the differences of dominant species in the same segments between these two groups. Notably, unique taxa in C and D segments were more than that in I and J segments. Additionally, each segment was characterized by specifically enriched genera, and distinctive pathways were predicted in certain intestinal segments. In short, the findings presented a coherent picture of structure composition and predicted functionalities of gut microbiota in diverse intestinal segments of adult Chinese Shanxi Black Pigs and Large White Pigs, and extend the understanding of potential link between intestinal microbiota and their hosts.
Introduction
Currently, considerable evidences have proven that intestinal microbiota was actively involved in the digestion and absorption of nutrients in their hosts (Ley et al. 2008; Sommer and Backhed 2013; Hillman et al. 2017) . Furthermore, the intestinal environments were thought to be associated with multiple diseases, such as diabetes, obesity, inflammatory bowel disease, and cancer (D'Argenio and Salvatore 2015; Barko et al. 2017; Kundu et al. 2017; Tian et al. 2017) . The production capacities of lean meat and fat were considered as crucial factors in the pork industry, and have been intensively studied for several decades using various methods, such as dietary modification, genome investigation, and intervention with prebiotics (George et al. 2007; He et al. 2017; Zou et al. 2017 ; Lee et al. 2018) . Taken together, studies on intestinal microbiota may provide some valuable references for promoting the healthy growth of pigs.
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The Chinese Shanxi Black Pig is a local pig breed, which is a hybrid of the American Duroc Pig, British Berkshire Pig, Chinese Neijiang Pig, and Chinese Mashen Pig. Of these pig breeds, the former three pigs were male parents, and the latter pig was female parent. It is mainly distributed in Shanxi Province in China, with rugged terrain at an altitude of 1-1.5 km. The average annual temperature of the region is 4.5-8.5°C, and annual precipitation is 400-550 mm. The Chinese Shanxi Black Pig is regarded to be highly adaptable to harsh conditions, which is well reflected in its rapid growth. Nevertheless, it is not as well accepted as the Large White Pig, due to its relatively lower capacity and quality of carcass meat. The Large White Pig, a Western breed, was characterized by rapid growth, high rate of feed conversion, but poor resistance to disease. The reasons why the black pigs are highly adapted to the harsh settings and the white pigs harbor the higher lean meat and fat capacities remain unclear, but there is no doubt that the porcine genomes are responsible for their differentiating features. In spite of this, we could not exclude the possibility that minor yet special compositional differences in intestinal microbiota might exert beneficial effects.
Generally, 16S rRNA is a highly conserved prokaryotic ribosomal component that binds to the Shine-Dalgarno sequence (Woo et al. 2008; Ellegaard and Engel 2016; Fang et al. 2017; Inatomi et al. 2017; Kim et al. 2018) , and is widely used for phylogeny and taxonomic assignments. In order to analyze and compare the microbial compositions of different intestinal segments both in Chinese Shanxi Black Pigs and Large White Pigs, 16S rRNA gene amplicon sequencing was performed using three adult Chinese Shanxi Black Pigs and three Large White Pigs at the rapid growth stage (usually 150th day). With the expectation of revealing intriguing differences, characterization and comparative survey revealed the structure composition of microbial communities in distinct intestinal compartments, including duodenum (D), jejunum (J), ileum (I), and cecum (C), and enhance our understanding of the potential roles of intestinal microbial communities in resistance ability and meat and fat production.
Materials and methods

Animals and sampling
The experimental protocols, Good Experimental Practices, were adopted by the College of Animal Science and Veterinary Medicine, Shanxi Agricultural University, and were used for this study. Three Chinese Shanxi Black Pigs and three Large White Pigs were administrated and fed at the Datong Pig Breeding Farm (Shanxi, China) under the same conditions. At different growth stages, including lactation stage, nursing stage, and growing-finishing stage, these two breeds at various weight levels were provided with standard dietaries for nutrient requirements, which were in accordance with the feeding standard of swine (NY/T 65-2004) issued by The Ministry of Agriculture of the People's Republic of China. Although the number of individuals was relatively lower compared to those large-scale samples, it might be reasonable, to some extent, to support the statistical analysis in light of the acceptable number. The animals were fasted for 24 h with free access to fresh water, and were then sacrificed at the rapid growth stage (150th day) at the Datong designated pig slaughter management office according to the standard procedures. The pigs were dissected for sampling of the contents of different intestinal segments, including duodenum (D), jejunum (J), ileum (I), and cecum (C). Samples for Shanxi Black Pig and Large White Pig were labeled as B and W, respectively. The samples were indexed with an initial letter representing the segment and an Arabic numeral for individual recognition. For instance, B I1 indicates ileal sample of pig 1 in the black pig group. The samples were immediately frozen within liquid nitrogen, and then stored at − 20°C. All animals used for this study were in consistence with the Guidelines for the Care and Use of Laboratory Animals established by Laboratory Animal Center of Shanxi Agriculture University, and approved by the Animal Ethics Committee of Shanxi Agriculture University.
DNA extraction, PCR amplification, and 16s rRNA gene sequencing
To examine the microbiota in each sample, 16S rRNA genes were amplified and sequenced. For this, gut contents were initially treated with phenol-chloroform to extract genomic DNA. Then, genomic DNA was precipitated with isopropanol, and washed with 75% ethanol. Dried DNA pellets were suspended in 100 μl of sterile double-distilled H 2 O, and evaluated using a NanoDrop spectrophotometer (Nyxor Biotech, Paris, France; Caporaso et al. 2012) . Subsequently, the V3-V4 regions of the 16S rRNA genes were amplified using the following procedures: initial denaturation at 95°C for 2 min, followed by 25 cycles of amplification at 95°C for 30 s, 55°C for 30 s, and 72°C for 30 s, and final extension at 72°C for 5 min. The PCR primers employed were 341F: 5′-CCTAYGGGRBGCASCAG-3′ and 806R: 5′-GGAC TACNNGGGTATCTAAT-3′. The reaction mixture used was a 20 μl mixture containing 4 μl of 5× FastPfu Buffer, 2 μl of 2.5 mM dNTPs, 0.8 μl of each primer (5 μm), 0.4 μl of FastPfu Polymerase, and 10 ng of template DNA, in triplicate. The PCR products were purified from agarose gels using a DNA gel extraction kit (TIANGEN Biotech, Beijing, China) according to the manufacturer's instructions, and their concentrations were determined using the QuantiFluor™ dsDNA system (Promega, Madison, WI, USA). Next, the purified amplicons were used to construct paired-end sequencing libraries, and then for paired-end 250-bp sequencing implementing the Illumina Hiseq 2500 platform (Campbell et al. 2010; Mao et al. 2012 ).
Analyses of tags and operational taxonomic units (OTUs)
First, the primer and adapter sequences were eliminated from the raw FASTQ files. Next, filtering was performed by eliminating sequences with more than 10% unknown nucleotides (N) or 20% low-quality (Q score < 20) bases. Additionally, these sequences that were identified to be mitochondrial DNA fragments were removed. Then, tags were generated according to the alignment between paired-end reads with an overlap of more than 10-bp and mismatch of less than 2%. Subsequently, redundant tags were removed to generate unique tag dataset (Schloss et al. 2009 ). Meanwhile, DNA distance matrices were clustered to calculate the OTUs with sequence convergence greater than 97.0% in their individual microbial communities. Community diversity at the inter-and intra-group level was assessed using a combination of biascorrected Chao1 richness estimator, abundance-based coverage estimator (ACE), Shannon and npShannon diversity indices, Simpson's diversity index, and coverage percentage. Based on the OTU expression profile, the beta diversity of different samples at OTU level was calculated. All the aforementioned analyses were conducted using the program MOTHUR (Kemp and Aller 2004; Schloss et al. 2009 ). The Principal Component Analysis (PCA) was analyzed based on the expression profile of OTUs at the taxonomic level using the R package (Team 2011) .
Taxonomic abundance profiling
To annotate taxonomic information on the gut microbiota, we first used a Naive Bayes classifier to categorize the tags into different taxa against the Greengenes database (version 20101006) with a confidence threshold of 0.5 (DeSantis et al. 2006; Wang et al. 2007 ). Next, we classified the OTUs based on the tag annotation, in compliance with the mode principle, which requires more than 66% tags to rationalize the same level in the following order: domain, phylum, class, order, family, genus, and species. The abundances of each sample at different taxonomic levels were statistically calculated. All samples of two pig breed groups were used for chisquare test to investigate whether there was a significant difference between these two groups with respect to structure composition of microbial communities at the genus level via evaluating their eccentricity.
For the identification of differentially abundant taxa in multiple segments within the common pig group, we applied the linear discriminant analysis (LDA) effect size (LEFse) method (Segata et al. 2011) . In brief, the Kruskal-Wallis rank sum test was performed to detect features with significantly different abundance among all groups. Next, the Wilcoxon rank sum test was conducted to detect features with significantly different abundance between two groups, and then LDA was performed to estimate the effect size of each feature. Additionally, a taxonomic cladogram representing the structure of the microbial community in each sample and their predominant bacteria was constructed to demonstrate the greatest differences in taxa among groups. For the identification of differentially abundant microbial taxa in the same segment among samples of different pig groups, Metastats was used (White et al. 2009 ).
Molecular function prediction and pathway enrichment analysis
Phylogenetic Investigation of Communities by Reconstruction of Unobserved States (PICRUSt; Langille et al. 2013 ) was applied to predict the functional enrichment of the microbial communities against the Kyoto Encyclopedia of Genes and Genomes (KEGG) database (Du et al. 2014) . Correlation coefficients of the pathway enrichment for the samples of the common group were calculated using the Spearman method. The R package, edgeR (Robinson et al. 2010) , was used to determine differentiating molecular functions and pathways under the control of Log2 fold change > 2 and FDR < 0.01. Volcano plots and heatmaps were generated for the differentiating pathways.
Data availability The sequencing data from this study were deposited in the NCBI GEO database with the accession number SRP115844.
Results
Sample tags and OTU analyses
The tags for all samples added up to a count of 1,049,386, covering 479,469,744 base pairs (Table 1 ). The average tag count per sample was 43,724. The tag matrix merged convergently with a cut-off of 97% similarity to generate the OTU profile, resulting in an average of 84,601 OTUs in each sample (Table S1 ). Coverage was determined to be more than 90% in each sample. This ensured that the sequencing depth was sufficient for diversity evaluation, further confirmed by the saturated plateaus shown in the Shannon-Wiener curves (Fig. 1 ).
Comparisons of microbiota among different samples
Categorizing the Chinese Shanxi Black Pigs into the B group and Large White Pigs into the W group, we performed intraand inter-group comparisons. First, the different indices were calculated as described above to analyze the alpha diversities of the samples (Table 2) . When alpha diversity indices were compared among intra-group segments, as depicted in Fig. 1b , the smaller intestinal segments (D, J, and I) exhibited significantly higher (p < 0.01) Simpson's index values and lower (p < 0.01) Chao1, ACE, and Shannon's index values than the corresponding cecal samples, indicating that the cecum had a relatively richer community diversity for each pig breed. However, the alpha diversities of the corresponding intergroup segments were not significantly different between the Chinese Shanxi Black Pigs and Large White Pigs.
PCA was subsequently performed based on the OTU profile. As shown in the Fig. 1c , the C segment samples both in B and W groups were obviously clustered into a small area and distinctly separated from these smaller intestinal samples, although two I segment samples of the W group were inter-mixed. Samples of the other segments exhibited obscure boundaries due to the variations within each segment, but there are, to some extent, certain intergroup differences between B and W groups in light of these non-overlapping regions in the same segments of individual samples.
To investigate specific differentiating taxa, LEFse and Metastats analyses were performed for intra-and inter-group comparisons, respectively (Fig. 2) . In the intra-group analysis, the C and D segments of the B group presented 24 and 17 specifically enriched taxa, respectively, whereas I and J segments had only 6 and 2 respectively, suggesting that there were more unique taxa in the C and D segments than that in other segments with respect to microbial composition (Fig.  2a-c) . A similar pattern was observed in the W group (Fig.  2d-f ). More details for the differentiating taxa were summarized in Table S2 .
Based on the inter-group comparisons, the D segment of the W group exhibited a higher prevalence of Methylobacteriaceae, whereas in the B group, the genera Mycoplasma, Micrococcus, and Collinsella were more enriched. Furthermore, the genus Streptococcaceae was more abundant in the I segment of the W group, while the genus Veillonella was more enriched in the corresponding segment of the B group. As for the J segment, the only significant difference between the groups was that the B group exhibited a higher abundance of Moraxella. Finally, in the C segment, the W group was enriched with the genera Buchnera, Mitsuokella, and Anaerovibrio, while the B group showed a higher prevalence of the genus Flexispira. The corresponding results about the Metastats analysis were listed in Tables S3-S6 . 
Microbiotic profiling of distinct intestinal segments
The OTU profile was used to determine taxon abundance in the samples. At the phylum level, the predominant phyla in all samples were Firmicutes, Proteobacteria, and Bacteroidetes ( Fig. 3a and Table S7 ), and the average proportions of which were 44.0%, 33.9%, and 18.3%, respectively. Further inspection presented that the abundances of phylum Firmicutes in the D2 (4.7%) and J3 (12.5%) samples of the B group were surprisingly low, while the same phylum in the D1 and J3 samples of were identified to account for more than 80% compared to the total samples in the W group. In spite of these issues, Firmicutes was considered as the most prevalent phylum in all samples in light of their relatively higher average abundances (Fig. 3a) . Charmingly, the distributions of Proteobacteria and Bacteroidetes, to some extent, showed a mutually exclusive pattern. For instance, Proteobacteria (43.7%) was dominant in the relatively smaller intestinal segments, whereas Bacteroidetes (46.1%) was dominant in the cecal samples. Owing to the unexpectedly low abundances of Firmicutes in the D2 and J3 samples, the prevalence of Proteobacteria (93.0% and 86.4%, respectively) in these samples was the highest across all samples. Among the genera (Fig. 3b and Table S8) , Lactobacillus was predominant, constituting an average of 33.2% in all samples. This result suggested that genus Lactobacillus had thrived in the guts of both breeds. In contrast to other intestinal segment samples, the generic composition in the cecal samples of the two breeds appeared to be more consistent. Prevotella was the key genus in the cecal samples, and it was not prevalent in the smaller intestinal samples (excluding I1 and I3) of the W group. Similar to analysis regarding the alpha diversities, chi-square test showed that no significant difference between these two groups at the genus level was observed (Table S9 ).
Molecular function prediction and pathway enrichment analyses
Using the present OTU data, PICRUSt was applied to determine the potential pathway enrichment of intestinal samples via annotation against the KEGG database. In all samples, the majority of OTUs were assigned to 24 gene families, which were mainly involved in signal transduction, membrane transport, nutrient metabolism, energy metabolism, and genetic material processing (Table S10 ). The prevalence of pathways at the KEGG A class level was similar for different samples (Fig. 4a) . Notably, metabolism, environmental information processing, and genetic information processing were the most enriched functional modules. At the B class level, comparisons of the predicted KEGG functions among all samples revealed that extremely few OTUs in the cecal samples were involved in energy metabolism, biosynthesis of secondary metabolites, and xenobiotics biodegradation and metabolism (Fig. 4b) . The D segment in W group and J segment in B group had fewer OTUs potentially related to immune system compared to their counterparts in the other groups. Furthermore, relatively fewer OTUs associated with xenobiotics biodegradation and metabolism were predicted to be present in the J segment of W group.
Discussion
In recent years, emerging studies have focused on intestinal microbiota of livestock. Studies on microbiota of gut segments of the horse, pig, camel, cow, etc. have been conducted previously. Intestinal microbes are considered to be dynamic. Their dynamic distributions were indicated to be influenced by the host, beginning at birth, and reaching stability at maturity (Lee et al. 2017; Rosen and Palm 2017; Shen 2017; Yamashiro 2017; Lopetuso et al. 2018) . In this study, two different mature pig breeds, i.e., Chinese Shanxi Black Pigs and Large White Pigs, were selected as the objects, and samplings of their intestinal contents rather than fecal samples were performed to investigate the potential structure and predicted functions of microbial communities in distinct intestinal segments. In our study, the analysis of taxa in both the Chinese Shanxi Black Pigs and Large White Pigs revealed the dominant phyla to be Firmicutes and Bacteroidetes, whose prevalence has been shown to fluctuate in previous studies on mammalian intestinal microbiota. Nevertheless, the microbial communities examined in this study exhibited certain distinct differences, compared with those in previous porcine studies, which might have resulted from feeding and husbandry conditions. For instance, the distribution of Firmicutes observed in our study was not completely consistent with that in previous studies. Generally, Firmicutes is the most prevalent gut microbial phylum in most mammals, and constitutes the largest proportion of the gut microbiome. This phylum has been generally recognized to be associated with fat metabolism and energy resorption, thereby suggesting that Firmicutes was probably involved in the development of diabetes and obesity (Schoster et al. 2013; Kallus and Brandt 2012; Machado and Cortez-Pinto 2012; Bressa et al. 2017; Most et al. 2017 ). An earlier study reported that the porcine large intestine, especially the cecum, has a higher proportion of Firmicutes than the small intestine, suggesting that the cecum, rather than the small intestine, might contribute substantially to fat deposition (Mao et al. 2015) . In contrast to these previous studies, interestingly, our study presented that the differences in the prevalence of Firmicutes between the cecum and small intestine were not as profound as to infer such functions. Composition analysis showed that the cecum had larger proportions of Bacteroidetes, and the small intestine had larger proportions of Proteobacteria. Certain previous studies have reported the relatedness of Proteobacteria with inflammation. Additionally, this phylum was reported to harbor various metabolic functions, which might explain the fact that the microbial function prediction in this study did not mean many enriched metabolic pathways in the cecum, in contradiction to certain other studies, although we observed greater species diversities in the ceca of both the black and white porcine breeds as well. Notably, Lactobacillus, the member of most common probiotics, was observed to be the predominant genus in both adult porcine breeds. The genus Lactobacillus was previously reported to exhibit a mutualistic relationship with the gut, by forming biofilms to facilitate maintenance during harsh conditions, as well as to provide barriers to the host against potential infections (Ahn et al. 2018) . In one of our previous studies, we reported that pigs at the nursery stage do not contain Lactobacillus. This result suggested that administration of prebiotics required several months to exert effects, and pathogen invasion and nutritional problems for pigs at the nursery stage should be addressed more cautiously, as their gut microbiota is still vulnerable. Accordingly, the development of new prebiotics or novel methods might facilitate the early colonization of mutualistic microbes in porcine guts at vulnerable developmental stages, such as piglets with immature immune systems, and further promote the production of the pig farming industry.
Further analyses revealed that several differentiating taxa were identified between the two porcine breeds. In this study, the duodenum and cecum contained more unique taxa than the jejunum and ileum. For the white pig breed, the cecum was characterized by the presence of the genera Eggerthella, Persicobacter, and Sphaerochaeta, and the duodenum was specifically enriched with the genera Mitsuaria and Stenotrophomonas. However, the ceca of the black pigs were characterized by the presence of the genera Dehalobacterium, Moryella, and Phascolarctobacterium, and the duodena, by the genera Mitsuaria and Stenotrophomonas. Contrastingly, its jejunum and ileum hardly contained distinctive genera. Accordingly, the differences of structure composition of microbial communities might drive the possible distinctive host features. However, it is necessary to further investigate the functional roles of these unique microbial species in respective econiches and the potential contributions to phenotypic differences of hosts.
In conclusion, we examined the microbial composition in four distinct intestinal segments of Chinese Shanxi Black Pigs and Large White Pigs, and successfully identified their differentially distributed genera as biomarker candidates for further studies. Intra-and inter-groups comparisons shed light on the differences of structure compositions and predicted functions of microbial communities in distinct intestinal segments between two pig breeds, and provided some insight into the potential relation between intestinal microbiota and host features. In the further studies, it was of interest to perform other omics-based trials, such as genomics and metagenomics, to explore the individual potentials in the microbial communities, or the ecological roles of both dominant and rare prokaryotes, respectively.
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